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Burgers (1948) Burgers $z$
x-y
$u_{r}=-\alpha r,$ $u_{\theta}=u_{\theta}(r,t),$ $u_{z}=2\alpha z$ , $(\alpha>0)$ (1)
$\omega=\frac{\alpha\Gamma}{2\pi\nu}\exp(-\alpha r^{2}/2\nu)$ , (2)
$u_{\theta}= \frac{\Gamma}{2\pi r}\{1-\exp(-\alpha r^{2}/2\nu)\}$ (3)
[(13), (14) ]
x-y
$u_{x}=-\alpha x+u(x, y,t)$ ,
$u_{y}=-\beta y+v(x,y,t)$ , (4)
$u_{z}=(\alpha+\beta)z$
$(\alpha\geq\beta\geq 0)$ \alpha =\beta Burgers
\alpha \neq \beta







Neu $($ 1984$)^{}$ $\beta=0(\epsilon=1)$
\epsilon




$U=[-\alpha x, -\beta y, (\alpha+\beta)z](\alpha\geq\beta\geq 0)$
$U’=(u, v, 0)$ (4)
1 \omega $z$
$\omega=\frac{\partial v}{\partial x}-\frac{\partial u}{\partial y}$ (5)
(4) (rot)
$\frac{\partial\omega}{\partial t}+(-\alpha x+u)\frac{\partial\omega}{\partial x}+(-\beta y+v)\frac{\partial\omega}{\partial y}=(\alpha+\beta)\omega+\nu\nabla^{2}\omega$ . (6)
$\frac{\partial u}{\partial x}+\frac{\partial v}{\partial y}=0$ (7)
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\mbox{\boldmath $\psi$} $u,$ $v,$ $\omega$
$u= \frac{\partial\psi}{\partial y}$ $v=- \frac{\partial\psi}{\partial x},$ $\omega=-\nabla^{2}\psi$ . (8)
$\nabla^{2}$
$\nabla^{2}=\frac{\partial^{2}}{\partial x^{2}}+\frac{\partial^{2}}{\partial y^{2}}$ (9)
(6), (7), (8) $(\beta=0)$
$|x|,$ $|y|arrow\infty$ $u,$ $v,$ $\omegaarrow 0$
(X, $y$ ) $=(0,0)$ $u,$ $v=0$
\alpha =\beta (6)
\alpha $=\beta$ $(r, \theta, z)$
$\frac{\partial\omega}{\partial t}=\frac{\alpha}{r}\frac{\partial(\omega r^{2})}{\partial r}+\nu(\frac{\partial^{2}\omega}{\partial r^{2}}+\frac{1}{r}\frac{\partial\omega}{\partial r})$ . (10)
(10)














Re\equiv F/\mbox{\boldmath $\nu$} $\Gamma$
$\Gamma=\int\int\omega(x,y)dxdy$ (15)





$\sigma_{x’y’}=0$ \phi $\sigma_{x’}$ \mbox{\boldmath $\sigma$}y’ \phi
$\sigma_{x}^{2},$ $=\cos^{2}\phi\sigma_{x}^{2}+\sin 2\phi\sigma_{xy}+\sin^{2}\phi\sigma_{y}^{2}$ ,





$\frac{\partial\omega}{\partial t}=\nabla^{2}\omega+\{(1+\epsilon)x-Re’\cdot u\}\frac{\partial\omega}{\partial x}+\{(1-\epsilon)y-Re’\cdot v\}\frac{\partial\omega}{\partial y}+2\omega$ , (20)
$\frac{\partial u}{\partial x}+\frac{\partial v}{\partial y}=0$, (21)




















$Re$ $\sigma_{x’}$ , $\sigma_{y’}$ . (a) $-(e):\sigma_{x’}$ $(f)-(j)$ :
$\sigma(e^{y})’\epsilon=3/7,$
$(f)\epsilon=0,$ $(g)\epsilon=1/9,$ $(h)\epsilon=1/5,$ $(i)\epsilon=1/3$ ,





-Lx $\leq x\leq L_{x},$ $-L_{y}\leq y\leq L_{y}$ \omega $0$
$L_{x}=L_{y}=10$ 41 $\cross 41$
$\alpha+\beta=1$ $\alpha\geq\beta$ \Delta t=0.01 $\Delta x=\Delta y=0.05$
100 8
2 3 2 $\epsilon=1/3$




$\sigma_{x’},$ $\sigma_{y’}$ 4 $\epsilon=0$














$Rearrow\infty$ \phi \rightarrow 45o [Moffatt, Kida&Ohkitani (1993)]
\phi \epsilon $0<Re<150$ \epsilon
$Re>250$ \phi \epsilon
$\Phi=2\nu[(-\alpha+\frac{\partial u}{\partial x})^{2}+(-\beta+\frac{\partial v}{\partial y})^{2}+\frac{1}{2}(\frac{\partial u}{\partial y}+\frac{\partial v}{\partial x})^{2}+(\alpha+\beta)^{2}]$
$=2 \nu[(-\alpha+\frac{\partial^{2}\psi}{\partial x\partial y})^{2}+(-\beta-\frac{\partial^{2}\psi}{\partial x\partial y})^{2}+\frac{1}{2}(\frac{\partial^{2}\psi}{\partial y^{2}}-\frac{\partial^{2}\psi}{\partial x^{2}})^{2}+(\alpha+\beta)^{2}]$ (23)







6. $\epsilon=1/3$ . $(a)Re=10$,






7 $Re=10$ . $(a)\epsilon=0$ ,
$(b)\epsilon=1/9$, $(c)\epsilon=1/5,$ $(d)\epsilon=1/3,$ $(e)\epsilon=3/7$, $(f)\epsilon_{-}=$
$1/2$ .
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$\omega_{0},$ $u_{0},$ $v_{0}$ (2), (3)
$\omega_{0}=e^{-(x^{2}+y^{2})/2}$ ,
$u_{0}=- \frac{y}{x^{2}+y^{2}}(1-e^{-(x^{2}+y^{2})/2})$ , (24)
$v_{0}= \frac{x}{x^{2}+y^{2}}(1-e^{-(x^{2}+y^{2})/2})$
J $\int$ [\omega dxdy=2\pi
$u’,$ $v’,$ $\omega’$ $\omega,$ $u,$ $v$
$\omega=\omega_{0}+\omega’,$ $u=u_{0}+u’,$ $v=v_{0}+v’$ (25)
\omega ’, $u’$ , v’
$-Re’u’ \frac{\partial\omega’}{\partial x}+[(1+\epsilon)x-Re’u_{0}]\frac{\partial\omega’}{\partial x}-Re’u’\frac{\partial\omega_{0}}{\partial x}-Re’v’\frac{\partial\omega’}{\partial y}+[(1-\epsilon)y-Re’v_{0}]\frac{\partial\omega’}{\partial y}-Re’v’\frac{\partial\omega_{0}}{\partial y}$




$\xi=\tanh\delta x,$ $\eta=\tanh\delta y$ (28)
$T_{m}$ $m$ (26) $(x, y)$ $(\xi, \eta)$
(27), (28) $2(M+1)(N+1)$
$a_{mn},$ $b_{mn}$
$(x, y)=(O, 0)$ $u$ , v=0 , $arrow\infty$ \omega \rightarrow 0
(27) (28)





8. $–$ $\epsilon$ $\sigma_{x}^{2}$ , \mbox{\boldmath $\sigma$}2, .
, (30) X lkQ .
Robinson&Saffman 2)
.
2) Robinson &Saffman $0\leq Re\leq$
$628$ $\epsilon=0,0.25,0.5,0.75$ \epsilon $Re$
$\sigma_{x}^{2}$ , $\sigma_{x}^{2},$ $\simeq 1-\epsilon+\epsilon^{2}$ ,
$\sigma_{y}^{2}$ , $\sigma_{y}^{2},$ $\simeq 1+\epsilon+\epsilon^{2}$ , (30)
$\sigma_{xy}\simeq\frac{-\epsilon Re}{16\pi}$ $\phi\simeq\frac{Re}{32\pi}$














. $(a)\epsilon=0.1$ , $(b)\epsilon=0.2$ , $(c)\epsilon=0.3$,











$\sigma_{x’}$ , $\sigma_{y’}$ . (a): $\sigma_{x’}$ , (b): $\sigma_{y’}$ .
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$\omega_{o}\equiv\exp(-r^{2}/2)$ , $g \equiv\frac{1-\exp(-r^{2}/2)}{(r^{2}/2)}$
\mbox{\boldmath $\theta$} \mbox{\boldmath $\theta$} $\omega’,$ $\psi’$
$\exp\{\lambda t+in\theta\}$ Robinson &Saffman
1









(c) $n=1,2,3$ \mbox{\boldmath $\lambda$}(n, k) (d), (e), (f)
Robinson &Saffman $Re\ll 1$ \searrow
Robinson &Saffman
$Re$ $n=1,$ $k=0$





$z$ $x,$ $y,$ $t$ )
$,$
$\wedge v(x, y, t)$
$u_{x}=-\alpha x+u\wedge(x, y, t),$ $u_{y}=V(x)+v\wedge(x, y, t),$ $u_{z}=\alpha z$ , (35)







Saffman . (a) $-\{c$) \mbox{\boldmath $\lambda$}(n, k)
(d) -(f) \mbox{\boldmath $\lambda$}(n, k) . (a) $n=1$ , (b) $n=2$,
(c) $n=3$, (d) $n=1$ , (e) $n=2$ , (f) $n=3$ .
)n $=3$ Robinson&Saffman $k=1,2$
.
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’ , $\wedge v$ \mbox{\boldmath $\psi$}
$u \wedge=\frac{\partial\hat{\psi}}{\partial y},$ $.v \wedge=-\frac{\partial\hat{\psi}}{\partial x}$ (37)
$\hat{\omega}=-\nabla^{2}\hat{\psi}$ (38)
(6) Y















$V(x)=- \sqrt{\frac{2}{\pi}}\int_{0}^{x}\exp(-\frac{x^{\prime 2}}{2})dx’$ (46)
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$xarrow\pm\infty$ $V(x)arrow\mp 1$
$Re$ $k$ (44) $arrow\infty$
$\phi(x)arrow 0$ $c$ 2 $Rearrow\infty$
$Rarrow 0$











$\phi_{s}(x)=\frac{1}{k}\int_{0}^{x}M(\frac{1-k^{2}+ikRec}{2},$ $\frac{1}{2};-\frac{1}{2}x^{\prime 2})\sinh k(x-x’)dx’$
$- \frac{1}{k}\cosh kx\int_{0}^{\infty}M(\frac{1-k^{2}+ikRec}{2},$ $\frac{1}{2};-\frac{1}{2}x^{;2})dx’$ (49)
$\phi_{a}(x)=\frac{1}{k}\int_{0}^{x}x’M(\frac{2-k^{2}+ikRec}{2},$ $\frac{3}{2};-\frac{1}{2}x^{\prime 2})\sinh k(x-x’)dx’$
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$kc=- \frac{k^{2}+2n}{Re}i(n=0,1,2, \cdots)$ , (51)
$kc=- \frac{k^{2}+2n+1}{Re}i$
. $(n=0,1,2, \cdots)$ (52)
kci<0 $Rearrow 0$
4-3.
$x$ $y$ $\omega_{s},$ $u_{s},$ $v_{s}$




$u(x,y,t)=u_{s}+\wedge u$ , $v(x,y,t)=v_{s}+v\wedge$ (54)
(54) (20) (53)
$\frac{\partial\hat{\omega}}{\partial t}=\nabla^{2}\omega_{s}+\{(1+\epsilon)x-Re’u_{s}\}\frac{\partial\hat{\omega}}{\partial x}-Re^{\prime\wedge}u\frac{\partial\omega_{s}}{\partial x}$
$+ \{(1-\epsilon)y-Re’v_{s}\}\frac{\partial\hat{\omega}}{\partial y}-Re^{\prime\wedge}v\frac{\partial\omega_{s}}{\partial y}+2\hat{\omega}$ (55)
(5) $\hat{\omega}$
$\hat{\omega}=\frac{\partial v\wedge}{\partial x}-\frac{\partial u\wedge}{\partial y}$ (56)
(56) (55) ^u, $\wedge v$
$\frac{\partial}{\partial t}$ ( $\frac{\partial v\wedge}{\partial x}$ $\frac{\partial u\wedge}{\partial y}$ ) $\cdot=\nabla^{2}(\frac{\partial v\wedge}{\partial x}-\frac{\partial u\wedge}{\partial y})+\{(1+\epsilon)x-Re’u_{s}\}(\frac{\partial^{2}v\wedge}{\partial x^{2}}-\frac{\partial u\wedge}{\partial x\partial y})$
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$-Re’ \frac{\partial\omega_{s}}{\partial x}u\wedge+\{(1-\epsilon)x-Re’v_{s}\}(\frac{\partial v\wedge}{\partial x\partial y}-\frac{\partial^{2^{\wedge}}u}{\partial y^{2}})-Re’\frac{\partial\omega_{s}}{\partial y}v\wedge+2(\frac{\partial v\wedge}{\partial x}-\frac{\partial u\wedge}{\partial y})$ . (57)
(57) (28) $(x, y)$ $(\xi, \eta)$ ^u, (27)
$u\wedge$,
$\wedge u\propto\exp(\lambda t),$ $\wedge v\propto\exp(\lambda t)$ (58)
$(0,0)$
^u, $=0$ \mbox{\boldmath $\lambda$}
\mbox{\boldmath $\lambda$}
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